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Summary 
We have analyzed early phases of the cotranslational 
transport of the secretory protein preprolactin through 
the mammalian endoplasmic reticulum (ER) mem- 
brane. Following recognition of the signal sequence 
of the nascent polypeptide chain in the cytosol by the 
SRP, the chain is transferred into the membrane, 
where a second signal sequence recognition step 
takes place for which the presence in the lipid bilayer 
of the Sec61p complex is essential and sufficient. This 
step leads to a tight junction between the ribosome- 
nascent chain complex and the Sec61p complex, and 
to the productive insertion of the nascent chain into 
the translocation site. These results show that a trans- 
location substrate is subjected to two recognition 
events before being allowed to cross the ER mem- 
brane. 
Introduction 
The targeting of proteins to a given organelle in a eukary- 
otic cell is brought about by signals that share little se- 
quence homology. How can they provide the required ex- 
quisite specificity in intracellular protein transport? In the 
case of transport of proteins across the endoplasmic retic- 
ulum (ER) membrane, the only common property of the 
signal sequences is a hydrophobic core of at least six 
amino acids. One mechanism of their recognition has 
been identified, that mediated by the signal recognition 
particle (SRP) (for review, see Walter and Johnson, 1994). 
SRP interacts in the cytosol through its 54 kDa subunit 
(SRP54) with signal sequences of growing nascent poly- 
peptide chains. Subsequent targeting of the complex of 
ribosome, nascent chain, and SRP to the ER membrane 
is achieved by an interaction of the SRP with its membrane 
receptor (also called docking protein) (Gilmore et al., 1982; 
Meyer et al., 1982). The SRP is displaced in a GTP- 
dependent reaction from both the signal sequence and 
the ribosome (Connolly and Gilmore, 1989), and the latter 
is bound to the membrane by a receptor protein. The na- 
scent chain is transferred into the membrane, and thereby 
the strength of the interaction between the ribosome and 
the membrane appears to be increased (Adelman et al., 
1973). Recent data show that the nascent chain-associ- 
ated complex (NAC) may also play a role in the targetimg 
process; NAC prevents the binding of SRP to ribosomes 
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that do not carry nascent chains with exposed signal se- 
quences (Wiedmann et al., 1994). 
Little is known about the next steps of the translocation 
process. Eventually, a hydrophilic channel across the 
membrane is formed through which the nascent polypep- 
tide chain is transported. Large ion-conducting channels 
in the ER can be detected when nascent chains in transit 
through the membrane are detached from the ribosomes 
(Simon and Blobel, 1991). Also, fluorescent dyes incorpo- 
rated into nascent chains report a hydrophilic interior of 
the protein-conducting channel that is isolated from the 
cytoplasm by the tight binding of the ribosome to the ER 
membrane (Crowley et al., 1993). However, it is unclear 
how the nascent polypeptide chain is transferred from the 
SRP into the protein-conducting channel, how the channel 
is opened, and whether a functional signal sequence plays 
any role in the steps following the disengagement of the 
SRI 5. Recent evidence suggests that this early phase of 
translocation may comprise at least two separate steps 
(Crowley et al., 1994). Ribosomes with short nascent pre- 
prolactin (pPL) chains of 55-64 amino acids containing 
fluorescent dyes can be bound to the ER membrane such 
that the probes cannot be quenched by iodide ions added 
to either the cytoplasmic or the lumenal compartments. 
However, with chains of 86 residues, the probes become 
accessible to iodide from the lumen. The existence of dif- 
ferent ranslocation stages inside the membrane was also 
suggested by experiments in which the targeting of poly- 
somes to the ER membrane was studied: ribosomes with 
short nascent chains, in contrast with those with longer 
ones, were bound in a high salt-sensitive manner (Wolin 
and Walter, 1993). 
An understanding of the molecular mechanism of these 
early stages of the translocation process must come from 
an analysis of the specific functions of the translocation 
components involved. Since the entire process of protein 
translocation can be reproduced with proteoliposomes 
containing only the SRP receptor, the Sec61p complex, 
and the translocating chain-associated membrane (TRAM) 
protein (GSrlich and Rapoport, 1993), these components 
must also be sufficient for the crucial early phases. The 
Sec61p complex appears to be the major constituent of 
the translocation channel, since its ~ subunit is in proximity 
with nascent polypeptide chains throughout heir transfer 
across the membrane (Mothes et al., 1994). The Sec61p 
complex is also tightly associated with membrane-bound 
ribosomes (G6rlich et al., 1992b; Kalies et al., 1994), sug- 
gesting that the nascent chain is transferred directly from 
a channel in the ribosome into the Sec61 p channel in the 
membrane. The multi-spanning membrane protein TRAM 
is required for the translocation of most but not all proteins 
tested (GSrlich et al., 1992a; GSrlich and Rapoport, 1993). 
For the TRAM-independent protein pPL, it has been shown 
that TRAM contacts primarily the N-terminus of the signal 
sequence and, after signal sequence cleavage, is no 
longer in proximity to the nascent chain (High et al., 1993; 
Mothes et al., 1994). 
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Figure 1. Influence of the Chain Length on the lnteraction of Nascent 
pPL with Cytosolic and Membrane Components 
(A) Scheme showing the emergence of the different nascent pPL 
chains from the ribosome. The chains of different length (number of 
amino acids given on the right) are bound to the ribosome as peptidyl- 
tRNAs, with about 30 residues located within the ribosome (shaded 
region), and increasing N-terminal portions exposed to the cytosol. 
The hydrophobic ore of the signal sequence is drawn as a thick line, 
and the signal peptide cleavage site is indicated by an arrow. The 
lysine residues (K) that are replaced by photoreactive derivatives in 
cross-linking experiments are also indicated. 
(B) Cross-linking partners ofnascent pPL in the cytosolic compartment 
and in the membrane. Nascent chains of the indicated length were 
synthesized in the wheat germ system in the presence of [~S]methio- 
nine and [~S]cysteine, SRP, and modified lysyl-tRNA carrying a photo- 
reactive group in the side chain of the amino acid. Aliquots of the 
samples corresponding to equal amounts of radioactivity incorporated 
into protein were irradiated in the absence of membranes (minus mem- 
branes) and analyzed irectly by SDS-polyacrylamide gel electropho- 
resis (SDS-PAGE) (panels labeled 32K and SRP54). Parallel samples 
were incubated with ribosome-stripped microsomes (plus membranes) 
before irradiation and immunoprecipitation with specific antibodies 
(Sec61~, TRAM). Only the relevant parts of the gels are shown; no 
other prominent cross-links were observed. 
(C) High salt-resistant binding of pPL chains to microsomes. After in 
vitro translation, the samples were incubated with microsomal mem- 
branes, and one half were subjected to flotation in a sucrose step 
gradient containing 500 mM potassium acetate. Aliquots f the starting 
material (totals) as well as of the floated mem~anes were analyzed 
by SDS-PAGE. 
(D) Protease-resistant binding of pPL chains to microsomes. After in 
vitro translation, each sample was split into three equal portions, one 
of which was analyzed irectly (lane 1). The two other portions were 
incubated either with buffer (lane 2) or with microsomal membranes 
stripped of ribosomes with puromycin-high salt (PK-RMs; lane 3) and 
treated with proteinase K (Prot. K). Percent protection gives the amount 
of radioactivity in the sample shown in lane 3 relative o that in lane 1. 
(E) Transport into microsomes of fragments of pPL containing 59 or 
We report here an analysis of the functions of these 
translocation components during early phases of the 
translocation of pPL. We demonstrate that the signal se- 
quence, after its release from the SRP, is recognized a 
second time in the ER membrane during a crucial step 
that only requires the presence in the lipid bilayer of the 
Sec61p complex. The process leads to the formation of 
a protease-res is tant  junct ion between the r ibosome-  
nascent chain complex and the Sec61p complex, and to 
the productive insertion of the nascent chain into the trans- 
location site. It seems to be identical with the step in which 
the translocation channel is opened toward the lumen of 
the ER (Crowley et al., 1994). The existence of a signal 
recognition event in the mammal ian ER membrane is con- 
.sistent with old observations (Prehn et al., 1980) as well 
as with data in Escherichia coil that suggested that signal 
sequences are proofread in the cytoplasmic membrane 
(Emr et al., 1981; Osborne and Silhavy, 1993) and gate 
channels (Simon and Blobel, 1992). The two recognition 
events for signal sequences could possibly provide the 
required specificity of protein targeting despite the lack of 
sequence homology among the signals. 
Results 
Two Stages of Membrane Insertion of Nascent pPL 
To mimic the progression of a polypeptide through the 
early stages of its cotranslational translocation across the 
mammal ian ER membrane, a series of short nascent 
chains of pPL was synthesized in vitro in which increasing 
portions of the signal sequence and of the mature part 
had emerged from the r ibosome (Figure 1A). Photo-cross- 
linking was used to identify the minimum length of a pPL 
chain that would allow an interaction of its signal sequence 
with the SRP. Chains of different lengths were synthesized 
in a wheat germ system in the presence of a modif ied 
lysyl-tRNA, leading to the incorporation of photoactivata- 
ble cross-linkers into positions 4 and 9 of the signal se- 
quence (Figure 1A). Upon ultraviolet irradiation, nascent 
chains of a length of 43-59 amino acids gave major cross- 
links with a 32-34 kDa protein (Figure 1 B, top) that is prob- 
ably identical with the (z subunit of the NAC (Wiedmann 
et al., 1994). Nascent chains beyond a length of 51 amino 
acids gave cross-links to the 54 kDa subunit of SRP 
(SRP54) (Figure 1 B, second panel). The cross-linking effi- 
ciency reached a maximum with a chain length of 59 resi- 
dues and remained constant with still longer ones. Assum- 
ing that about 30 amino acids of the nascent polypeptide 
86 amino acids. The nascent chains were synthesized in the presence 
of SRP and incubated in the absence or presence of PK-RMs. The 
membranes were then sedimented through a sucrose cushion con- 
taining 150 mM salt. Aliquots ofthe resuspended samples were incu- 
bated with puromycin, and the translocation of the nascent chains was 
assessed by treatment with proteinase K in the absence or presence 
of Triton X-100 (TX 100). It should benoted that in the case of pPL59, 
most of the radioactivity is contained in the signal sequence, explaining 
the weak labeling of the processed form. The positions of the nascent 
chains (nc) and of the signal sequence-cleaved form (nc-SP) are indi- 
cated. 
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Figure 2. Transport and Membrane Binding of 
Signal Sequence Mutants of pPL 
(A) Structures of the signal sequences of pPL 
and of the deletion mutants. Residues of the 
hydrophobic core are given in boldface. 
(B) Transport of wild-type and mutant pPL into 
microsomes. The full-length proteins were syn- 
thesized in the presence of SRP and, where 
indicated, ribosome-stripped microsomes (PK- 
RMs). After translation, the samples were split 
into two halves, and one aliquot was treated 
with proteinase K (Prot. K) The positions of the 
precursor and of the signal peptide-cleaved 
forms (pPL and PL, respectively) are indicated. 
(C) Cross-linking of wild-type and mutant pPL 
chains. Fragments of 86 amino acids of the 
wild-type protein or fragments of the mutants 
corresponding to the same C-terminal trunca- 
tion were synthesized. Photoreactive lysine de- 
rivatives were incorporated during translation. 
Aliquots of the samples were incubated with 
SRP and PK-RMs, as indicated, and irradi- 
ated. The cross-links were analyzed either di- 
rectly (lanes 1-3) or, for membrane protein 
cross-links, after immunoprecipitation (IP) with 
antibodies against Sec61ct (lane 4) or TRAM 
(lane 5). The positions of the nascent chains 
(nc) and of their cross-linked products with 
SRP54 and with the membrane proteins are 
indicated. 
(D) Membrane binding and translocation of wild-type and mutant pPL fragments. Ribosome-bound fragments of the wild-type protein or of the 
mutants were incubated with or without PK-RMs as indicated. The samples w re split into three portions. One portion (floated) was subjected to 
flotation of the membranes in a sucrose gradient at high salt concentration. In the second sample, material resistant o protease treatment was 
analyzed by incubation with proteinase K (Prot. K). In the third sample, puromycin-induced translocation was determined. After the puromycin 
reaction, aliquots were treated with proteinase K in the absence or presence of 1% Triton X-100 (TX 100). The positions of the nascent chains 
(nc), of the signal-cleaved form (nc-SP), and of the protease-protected fragments of about 50-60 and 30 residues (two asterisks and one asterisk, 
respectively) are indicated. 
are buried inside the ribosome, these results are consis- 
tent with the notion that the complete emergence of the 
signal sequence is required for efficient binding of the SRP 
(Figure 1A) (Walter and Blobel, 1981). 
When dog pancreatic microsomes stripped of ribo- 
somes (PK-RMs) were added to the r ibosome-nascent 
chain complexes prior to irradiation, the cross-links to 
SRP54 all disappeared (not shown). Cross-links to the 
membrane protein Sec61ct appeared at a chain length of 
51 amino acids and had a maximum intensity with chains 
of 59 residues (Figure 1B, third panel); longer chains 
showed a reduced efficiency of cross-linking to Sec61ct. 
In contrast, cross-links to the TRAM protein were not seen 
before 64 amino acids had been synthesized (Figure 1B, 
fourth panel). They increased in intensity up to a length 
of 74 residues and remained almost constant hereafter. 
These results suggest that during the targeting process, 
the N-terminus of the elongating polypeptide chain may 
first encounter Sec61~t and is later transferred into proxim- 
ity with the TRAM protein. However, Sec61ct remains in 
proximity with other parts of the nascent polypeptide 
throughout he translocation process (Mothes et al., 1994). 
In another type of experiment, we used a direct assay 
to investigate the binding of r ibosome-nascent chain 
complexes to the ER membrane. Salt-resistant binding is 
believed to require not only a r ibosome-membrane inter- 
action but also a membrane-inserted nascent chain (Adel- 
man et al., 1973; Gilmore and Blobel, 1983). Nascent pPL 
chains of different lengths, synthesized in the presence 
of SRP, were incubated with PK-RMs, and the bound ma- 
terial was analyzed after flotation of the membranes in a 
sucrose step gradient containing a high salt concentration. 
Only pPL chains containing at least 69 amino acids re- 
mained bound to the membranes under these conditions 
(Figure 1C), in agreement with previous data (Wolin and 
Walter, 1993). 
A similar result was obtained with an assay in which 
the sensitivity of the membrane-bound pPL fragments to 
protease was determined. Protection against proteolytic 
attack is believed to be indicative of the insertion of a 
nascent polypeptide into the translocation site; the chain 
seems to be shielded from the cytosolic compartment by 
a tight junction between the membrane-bound ribosome 
and membrane proteins (Connolly et al., 1989). A mini- 
mum chain length of 69 amino acids was required for the 
effective protection of a polypeptide against proteases; 
shorter chains were protected only poorly or not at all (Fig- 
ure 1D). 
In conjunction with the cross-linking data, these results 
indicate that short pPL fragments of 51-64 residues can 
interact with the SRP and be targeted to the translocation 
site in the ER m embrane where they contact Sec61tt. How- 
ever, these nascent chains are not yet tightly bound to 
the membrane. Only when their length is increased to 64- 
69 residues is a second stage attained in which they are 
bound to the membrane in a salt- and protease-resistant 
Ceil 
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manner and contact the TRAM protein. Both stages stud- 
ied represent bona fide transport intermediates: polypep- 
tide fragments of 59 or 86 amino acids were quantitatively 
bound to the membrane (Figure 1E, lane 3 versus lane 1) 
and were translocated across it upon release from the 
ribosomes by treatment with puromycin, as indicated by 
signal peptide cleavage and by protection against exter- 
nally added protease (lanes 4-6). Presumably, after re- 
lease from the ribosome, the shorter fragment passes 
through the second stage of membrane interaction before 
being translocated. 
Signal Sequence Mutations Perturb 
Membrane Insertion 
The fact that about 70 amino acids are needed to achieve 
tight membrane binding may be explained if this step re- 
quires a functional signal sequence that must have 
emerged sufficiently from the ribosome to reach a binding 
site within the membrane. To test this hypothesis, we stud- 
led the behavior of pPL mutants that carry deletions of 3 
or 5 leucine residues in the hydrophobic ore of the signal 
sequence (Figure 2A). These mutants how only low levels 
of translocation (0.5%-2.5% for pPLA13-15 and back- 
ground values for pPLA13-17; Figure 2B). 
Cross-linking with the SRP was tested with the fragment 
of 86 amino acids of wild-type pPL (pPL86) and with frag- 
ments of the mutants that were truncated at the same C-ter- 
minal position. Both mutants gave significant cross-links 
to SRP54 (Figure 2C, lane 2). The efficiency of cross-linking 
with the mutant pPLA13-15 was about 80% compared 
with the wild type, and that with the mutant pPLA13-17 
was reduced to only about 35%. Upon addition of micro- 
somes, the SRP54 cross-links of all pPL chains were 
greatly diminished, and instead, cross-links to membrane 
proteins appeared (lane 3). Whereas with the wild-type 
polypeptide the cross-links to TRAM were much stronger 
than those to Sec61a (see also Figure 1B), with the mutant 
pPLA 13-17, the situation was reversed (lane 4 versus lane 
5), again suggesting that the interaction with TRAM comes 
at a later step of the translocation process. Even though 
the region of the chains of the mutant pPLA13-17 that 
carries the photoreactive probes remained unchanged, 
and although the chains are long enough to associate with 
TRAM, they fail to do so; apparently, a functional signal 
sequence is required for this to occur. 
The salt-resistant membrane binding of the polypeptide 
fragments of pPLA13-15 and pPLA13-17 was reduced 
to 35% and 16%, respectively, compared with the wild 
type (Figure 2D, lane 3). Thus, in contrast with the situation 
with the wild type, it appears that a significant proportion 
of the mutant chains that are released from the SRP and 
targeted to the membrane do not reach a salt-resistant 
binding state. 
Similar results were obtained with the protease protec- 
tion assay. With the wild type, in the absence of micro- 
somes only a fragment corresponding to the ribosome- 
buried portion of the chain was observed (about 30 
residues; see lane 4, single asterisk), whereas in the pres- 
ence of microsomes, the entire chain was almost quantita- 
tively protected against proteolysis (lane 5). With the mu- 
tant polypeptides, upon addition of membranes, only a 
fraction reached a completely protected state, the propor- 
tion relative to the wild type being approximately the same 
as in the high salt binding assay. A sizable fraction of the 
mutant chains was degraded to the size of the ribosome- 
protected fragment. A fragment of 50-60 residues (two 
asterisks) appeared upon proteolysis when polypeptide 
chains of the mutant pPL•13-15 were incubated with mi- 
crosomes (lane 5). A similar band seems to be produced 
with the mutant pPL~,13-17 but is obscured by a band of 
about the same size seen in the absence of membranes 
(lane 4). 
These results indicate that the mutant polypeptides, par- 
ticularly those of pPL,~13-15, are still competent o inter- 
act with the SRP and to be targeted to the membrane. 
However, there appears to be a posttargeting defect in 
achieving the tightly bound state of membrane interaction; 
under the experimental conditions, this step may have a 
more stringent requirement for an intact signal sequence. 
If the nascent chains were released from the ribosomes 
by treatment with puromycin, then the wild-type polypep- 
tides were translocated, as indicated by signal sequence 
cleavage and protease protection (lanes 7 and 9). With the 
mutant chains, only small amounts of protease-protected 
material were seen. Signal sequence cleavage was barely 
detectable. The defects seen in the high salt- and prote- 
ase-resistant binding of the mutant polypeptides therefore 
seem to be indicative of defects in their productive inser- 
tion into the translocation site, since they affect subse- 
quent transport. 
SRP-Independent Translocation Requires a 
Functional Signal Sequence 
To address directly the existence of a second, posttar- 
geting step of signal sequence recognition inside the ER 
membrane, we searched for a translocation system in 
which the possible influence of SRP could be excluded. 
Previous experiments had shown that salt-washed ribo- 
somes lacking nascent polypeptide chains can be bound 
specifically to the Sec61p complex under physiological 
salt concentrations (Kalies et al., 1994). We therefore 
tested whether this system could be exploited to target 
ribosome-nascent chain complexes in the absence of 
SRP to the ER and to achieve subsequent ranslocation. 
Wild-type pPL86 was synthesized and the ribosome- 
nascent chain complexes separated from the cytosolic 
proteins by sedimentation through a sucrose cushion con- 
taining a high salt concentration. These complexes were 
incubated in the absence or presence of SRP with an 
amount of microsomal membranes (PK-RMs) sufficient 
to bind all ribosomes. The samples were subsequently 
incubated with puromycin, and the translocation of the 
ribosome-released chains was assessed (Figure 3A, top). 
Translocation occurred efficiently whether or not SRP was 
present (lanes 6 versus 5 and 9 versus 8), indicating that 
in the absence of cytosolic factors, the process indeed 
becomes independent of SRP. 
We then used this system to test the puromycin-induced 
translocation of a fragment of the mutant pPLA13-15 (Fig- 
ure 3A, bottom). The amount of protease-protected mate- 
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Figure 3. SRP-Independent Transport and Membrane Binding of Na- 
scent pPL Chains 
(A) Transport into microsomes of fragments of wild-type and mutant 
pPL. Fragments of 86 amino acids of the wild-type protein or fragments 
of the signal sequence mutant pPLA13-15 corresponding tothe same 
C-terminal truncation were synthesized, and the ribosome-nascent 
chain complexes were isolated by sedimentation through a sucrose 
cushion containing a high salt concentration. Aliquots of the samples 
were incubated with SRP and GMP-PNP, with ribosome-stripped mi- 
crosomes (PK-RMs), or with both, as indicated. The nascent chains 
were released from the ribosomes by treatment with puromycin and 
their translocation assessed by their resistance to degradation by pro- 
teinase K (Prot. K) in the absence or presence of Triton X-100 (TX 
100). The positions in the SDS gel of the nascent chains (nc) and of 
their signal peptide-cleaved forms (nc-SP) are indicated. 
(B) Membrane binding of ribosome-nascent chain complexes. The 
nascent chains were synthesized, isolated, and incubated with SRP 
and GMP-PNP, or PK-RMs, or both, as described under part (A). 
High salt- and protease-resistant membrane binding were determined 
as in Figure 2D. The positions in the SDS gel of the nascent chains 
(nc) and of the protease-protected fragments of about 50-60 and 30 
residues (two asterisks and one asterisk, respectively) are indicated. 
rial, in particular of the signal sequence-cleaved form, 
was greatly reduced compared with that of the wild type, 
demonstrating th at a step other than that mediated by SRP 
must require a functional signal sequence. 
In the SRP-independent system, the polypeptide frag- 
ments of the mutant pPLz&13-15 were bound to the mem- 
brane in a salt-resistant manner as efficiently as the wild- 
type chains (Figure 3B, lanes 2-4). In the protease 
protection assay, however, only a few of the mutant chains 
reached a state where the entire polypeptide was pro- 
tected against the protease, in contrast with the situation 
of wild type, for which this occurred with the majority of 
the chains (Figure 3B, lanes 5-7). Most of the mutant 
chains were degraded to fragments of about 50-60 resi- 
dues (double asterisk) that resemble those observed in 
the system containing cytosol (see Figure 2D, lane 5). The 
fragments contain the C-terminus of the nascent chains 
including the bound tRNA, since they could be precipitated 
by cetyltrimethylammonium bromide (data not shown). Al- 
though the exact structure of the nascent chains that give 
rise to these fragments is unknown, their appearance indi- 
cates that the majority of the mutant nascent chains, al- 
though bound to the membrane, is not completely inserted 
into the translocation site. As expected, in the tests for 
both salt-resistant and protease-resistant membrane bind- 
ing, the addition of SRP had only a negligible ffect (lanes 
4 versus 3 and 7 versus 6). 
Interestingly enough, in the absence of cytosol, there 
appear to be two states of salt-resistant interactions of the 
nascent chain with the membrane, only one of which is 
also protease-resistant. It is the attainment of the latter 
state that requires the recognition of the signal sequence 
by one or more ER membrane components. 
Translocation Components Involved 
in Membrane Insertion 
To determine which components are involved in signal 
sequence recognition in the membrane, we made use of 
a recently established reconstitution system, pPL can be 
efficiently transported into proteoliposomes containing 
only the purified SRP receptor and the Sec61p complex; 
the TRAM protein has a small stirnulatory effect (G~rlich 
and Rapoport, 1993), The membrane binding of pPL86 
was tested with proteoliposomes containing either all three 
translocation components or with vesicles lacking in turn 
one of them. The initial experiments were all performed 
in the presence of cytosol and SRP. 
Cross-linking with the pPL86 showed that the signal se- 
quence is not released from the SRP54 if the reconstituted 
vesicles lack the SRP receptor (Figure 4A, lane 3), in 
agreement with previous evidence for an essential role of 
the SRP receptor in targeting (Gilmore and Blobel, 1983). 
The same result was obtained with proteoliposomes lack- 
ing the Sec61p complex (lane 4), again in agreement with 
earlier results (G~rlich and Rapoport, 1993). In the pres- 
ence of both the SRP receptor and the Sec61p complex, 
the nascent chains were released from the SRP and 
brought into contact with the translocation site, as judged 
from the appearance of cross-links to Sec61a (lane 5). 
Cross-links to TRAM were observed with proteoliposomes 
containing all components (lane 6), similar to the results 
obtained for this fragment with native microsomes (lane 
2; see Figure 1). The presence of TRAM did not affect the 
release of the signal sequence from the SRP54. 
Salt- and protease-resistant membrane binding of pPL86 
was only observed with proteoliposomes containing both 
the SRP receptor and the Sec61p complex (Figures 4B 
and 4C, lanes 5 and 6 versus lanes 3 and 4). In both assays, 
the presence of the TRAM protein caused a slight stimula- 
tion of membrane binding of pPL86 (by a factor of 1.5-2.0; 
lane 7 versus lane 6), similar to the previously observed 
stimulatory effect of TRAM on the overall translocation of 
pPL (G5rlich and Rapoport, 1993). 
Similarly to the results with native microsomes, short 
pPL chains of 59 amino acids were transferred into the 
membrane, but only a small proportion of them reached 
a protease-protected state, and no cross-links to TRAM 
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Figure 4. Binding of Nascent pPL Chains to Reconstituted Proteolipo- 
somes 
(A) Photo-cross-linking with pPL chains containing 86 amino acids 
(pPL86). Protein fragments were synthesized in vitro in the presence 
of modified lysyl-tRNA and SRP. Aliquots were incubated in the ab- 
sence or presence of ribosome-stripped microsomes (PK-RMs) or of 
proteoliposomes containing the SRP receptor (SR), the Sec61p com- 
plex (Sec61), the TRAM protein, or the indicated combinations. After 
irradiation, the samples were analyzed by SDS-PAGE. The positions 
of the nascent chains (nc) and of their cross-linked products containing 
SRP54, Sec61m and TRAM are indicated. 
(B) High salt-resistant binding of pPL86 to microsomes or proteolipo- 
somes. After synthesis of pPL86 in a wheat germ system in the pres- 
ence of SRP, equal aliquots were incubated with microsomee or pro- 
teoliposomes, as indicated, and subjected to flotation in a sucrose 
gradient at a high salt concentration. The sample shown in lane 1 
corresponds to the original aliquot (total); the others give th~ material 
in the floated fractions. 
(C) Protease-resistant binding of pPL86 to microsomes or proteolipo- 
somes. After synthesis of pPL86 in a wheat germ system in the pres- 
ence of SRP, equal aliquots were incubated with microsomes or pro- 
teoliposomes, as indicated, and treated with proteinase K. The 
positions in the SDS gel of the nascent chain (nc) and of the ribosome- 
protected fragment of about 30 residues (asterisk) are indicated. The 
sample shown in lane 1 corresponds to the original aliquot (total) before 
addition of the protease. 
(D) Protease-resistant binding of a fragment of a signal sequence mu- 
tant of pPL to microsomes or proteoliposomes. The experiment was 
carried out as described for the wild type in part (C). The position 
of the protease-protected fragment of about 50-60 amino acids is 
indicated by two asterisks. 
were seen, eve n if the proteol iposomes contained all tran s- 
location components (data not shown). 
These results demonstrate that the reconstituted pro- 
teol iposomes containing only the SRP receptor and the 
Sec61p complex are sufficient for the transition of the na- 
scent chain from a loosely membrane-bound to a tightly 
membrane-inserted and protease-resistant state, as well 
as for its transfer into proximity of the TRAM protein. 
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Figure 5. SRP-Independent BindingofNaecentpPLChainstoProteo- 
liposomes 
(A) Protease-resistant binding of pPL86 to microsomes or proteolipo- 
somes in the SRP-independent system. Isolated ribosome-nascent 
chain complexes were incubated with ribosome-stripped microsomes 
(PK-RMs) or proteoliposomes containing the SRP receptor (SR), 
Sec61 p complex (Sec61), the TRAM protein, or the indicated combina- 
tions, and treated with proteinase K. The sample shown in lane 1 
corresponds to the original aliquot (total) before addition of the prote- 
ase. The positions in the SDS gel of the nascent chain (nc) and of
the ribosome-protected fragment of about 30 residues (asterisk) are 
indicated. 
(B) Protease-resistant binding of a fragment of a signal sequence mu- 
tant of pPL to microsomee or proteoliposomes in the S RP-independent 
system. The experiment was carried out as described for the wild type 
in part (A). The position of the protease-protected fragment of about 
50-60 amino acids is indicated by two asterisks. 
To test whether signal sequence recognition in the ER 
membrane is mediated by one of the three translocation 
components, we carried out experiments in the reconstitu- 
ted system with a fragment of the signal sequence mutant 
pPLA13-15.  In contrast with the wild-type protein, the 
complete fragment of the mutant was not protected 
against proteolytic attack fol lowing the incubation with pro- 
teol iposomes containing both the SRP receptor and the 
Sec61p complex (Figure 4D, lanes 6 and 7). However, a 
significant percentage of the nascent chains is bound to 
the proteoliposomes, as indicated by the appearance of 
the proteolytic fragment of 50-60 residues. Thus, the SRP 
receptor and the Sec61p complex together are sufficient 
to discriminate a functional from a nonfunctional signal 
sequence. The TRAM protein is not required for this pro- 
cess (lane 6 versus lane 7). As noted earlier (see Figures 
2D and 3B), a certain proportion of the mutant polypep- 
tides was completely protected against proteolysis when 
incubated with native microsomes (Figure 4D, lane 3). This 
was not the case with the proteol iposomes, even if they 
contained all purified translocation components (lane 6), 
suggesting that the affinity of the native system for these 
signal sequences is higher. It is not yet clear whether in 
the reconstituted system an unidentified stimulatory factor 
is missing or whether the activity of the known components 
is somehow perturbed. 
To test whether the Sec61p complex alone in the lipid 
bilayer is sufficient for signal sequence recognition, we 
used the SRP-independent system in conjunction with re- 
constituted proteol iposomes. Isolated r ibosome-pPL86 
complexes were incubated in the absence of SRP with 
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Figure 6. Scheme of the First Steps in Cotranslational Protein Trans- 
location across the ER Membrane 
In step 1, SRP binds to the signal sequence of a nascent chain when 
it has emerged from the ribosome. In step 2, the complex of ribosome, 
nascent polypeptide, and SRP binds to the ER membrane, and the 
SRP is released from both the ribosome and the signal sequence. 
The ribosome binds to the Sec61p complex in a loose manner, and 
the nascent chain contacts Sec61a. At this point, the signal sequence 
may contact either both the Sec61p complex and the phospholipids 
(a) or only the protein (b). In step 3, the signal sequence is recognized 
in a process involving the Sec61p complex, and the nascent chain is 
productively inserted into the translocation site with its signal sequence 
contacting the TRAM protein. The ribosome becomes firmly bound to 
the Sec61p complex, and the translocation channel opens toward the 
lumen of the ER. In step 4, the signal sequence is cleaved by the signal 
peptidase (not shown), the TRAM protein disengages, and the nascent 
chain adopts a transmembrane structure. 
proteoliposomes containing purified translocation compo- 
nents either separately or in different combinations. Prote- 
ase-resistant binding of the pPL86 was only dependent 
on the presence of the Sec61p complex in the proteolipo- 
somes (Figure 5A, lanes 5, 7, 9, and 10); as expected, the 
SRP receptor was no longer essential (lanes 5 and 7). 
When the analogous nascent chain of the mutant 
pPLA13-15 was tested in the same assay (Figure 5B), the 
proteolytic fragment of about 50-60 residues, indicative of 
membrane binding, appeared, and the fragment of about 
30 residues, representing the ribosome-protected frag- 
ment of the chain, disappeared whenever the Sec61p 
complex was present in the proteoliposomes (lanes 5, 7, 
9, and 10). None of the chains reached a completely pro- 
tected state, whereas this occurred with native micro- 
somes to a significant extent (lane 3). 
Taken together, these results indicate that in the SRP- 
independent system, the Sec61p complex alone in the 
lipid bilayer is sufficient for the binding of the ribosome to 
the membrane and for the protease-resistant membrane 
insertion of the nascent polypeptide chain, as well as for 
the discrimination between a functional and a nonfunc- 
tional signal sequence. 
Discuss ion 
We have analyzed early phases of the cotranslational 
transport of pPL through the mammalian ER membrane 
that lead to the productive insertion of the nascent poly- 
peptide chain into the translocation site. We find that na- 
scent pPL chains, after their release from the SRP, are 
bound to the membrane, but that an additional, crucial 
step is required for their productive insertion into the trans- 
location site. These results lead to a model (Figure 6) ac- 
cording to which the signal sequence of a nascent poly- 
peptide is recognized twice, first in the cytosol by SRP, 
and a second time inside the membrane, in a reaction that 
involves the function of the Sec61p complex. 
The first step of the cotranslational translocation pro- 
cess occurs in the cytosol, when the fully emerged signal 
sequence of a growing polypeptide chain interacts with 
the 54 kDa subunit of the $RP (Figure 6, step 1) (see 
Walter and Blobel, 1981). For the next step (step 2), the 
release of the nascent chain from the SRP and its subse- 
quent transfer into the membrane, the SRP receptor is 
required, as noted earlier (Gilmore and Blobel, 1983). 
However, efficient ransfer of the nascent chain from the 
SRP54 to the membrane also requires the presence of 
the Sec61p complex. 
Under certain conditions, nascent pPL chains can be 
targeted to the ER membrane without the need for SRP 
or SRP receptor, but the following steps appear to be iden- 
tical with those in the SRP-dependent pathway. SRP inde- 
pendence was achieved by the removal of cytosolic factors 
from the ribosome-nascent chain complexes, It seems 
that these factors would normally prevent the membrane 
interaction of ribosomes that do not carry nascent chains 
bound to the SRP. Although several factors may be in- 
volved, the major one seems to be the recently discovered 
NAC (Wiedmann et al., 1994). NAC prevents the mistar- 
geting to the microsomal membrane of ribosomes that do 
not carry nascent chains with exposed signal sequences 
(Lauring et al., 1995). Our data now show that in the ab- 
sence of the SRP pathway, the Sec61p complex can suf- 
fice to target a ribosome-nascent chain complex to the 
ER membrane. Such a targeting mechanism may perhaps 
rescue a cotranslational translocation pathway in yeast 
cells that lack SRP or SRP receptor (Hann and Walter, 
1991; Ogg et al., 1992). 
As a result of either SRP-dependent or SRP-indepen- 
dent targeting, the nascent polypeptide chain is bound to 
the membrane and comes in contact with the a subunit 
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of the Sec61p complex. This stage is distinguished from 
the next by the fact that the polypeptide is not yet firmly 
bound and does not yet contact the TRAM protein. This 
first interaction of the Sec61p complex with ribosomes 
carrying short nascent chains resembles the observed 
binding of ribosomes that lack nascent chains (Kalies et 
al., 1994). In both cases, the interaction is sensitive to 
high salt concentrations, in contrast with that of ribosomes 
carrying long translocating polypeptides. Ribosomes that 
lack nascent chains protect Sec61a against proteases 
only poorly (Kalies et al., 1994), again consistent with our 
present observation that the short nascent chains do not 
yet attain a protease-protected state during the initial step 
of membrane binding. 
Our data show that the mere interaction of a polypeptide 
with the ER translocation site is not sufficient to initiate 
translocation, but that a second, crucial step inside the 
membrane is required. During this step (Figure 6, step 3), 
the nascent chain reaches a state in which it is completely 
protected against proteolytic attack. This indicates that a 
tight junction between the translating ribosome and the 
membrane has formed and that the nascent polypeptide 
chain has fully entered the translocation site. Our results 
show that for pPL, the Sec61p complex is the only mem- 
brane protein component required for this reaction, indi- 
cating that this component must be sufficient for the tight 
anchoring of the ribosome to the ER membrane and for 
the formation of the translocation site. 
The most intriguing feature of the crucial step inside the 
membrane is that it requires the recognition of a functional 
signal sequence by membrane components (Figure 6, 
step 3). Preliminary evidence for the existence of a mem- 
brane receptor for signal sequences was provided long 
ago (Prehn et al., 1980). It is now clear that the Sec61p 
complex plays an important role in this process. It is the 
first membrane protein that nascent chains encounter 
when they are released from the SRP and are transferred 
into the membrane. The ~ subunit contacts the hydropho- 
bic portion of the signal sequence (High et al., 1993; 
Mothes et al., 1994), which is its decisive domain. The 
most striking fact is that in the SRP-independent system, 
the Sec61p complex alone in the lipid bilayer is sufficient 
for the discrimination between a functional and a nonfunc- 
tional signal sequence. 
Our conclusion that the Sec61p complex is involved in 
signal sequence recognition is consistent with results ob- 
tained for the analogous SecYp complex in E. coli. There, 
mutations in signal sequences can be suppressed by mu- 
tations in SecYp or SecEp (Emr et al., 1981), the homologs 
of the (z and 7 subunits of the mammalian Sec61p complex, 
respectively (G6rlich et al., 1992b; Hartmann et al., 1994). 
It has been proposed that a signal sequence proofreading 
function of the SecYp complex is perturbed in these mu- 
tants (Osborne and Silhavy, 1993). However, it remains 
to be seen whether a nonfunctional signal sequence can 
actually first enter the channel and then be rejected or 
whether the mutant ranslocation apparatus is simply more 
promiscuous. 
Two models of signal sequence recognition in the ER 
membrane may be envisioned. One possibility is that the 
signal sequence would interact with the Sec61p complex 
alone, and in this case, the nascent chain would probably 
enter the translocation site perpendicularly to the plane 
of the membrane, as depicted in scheme (b) of Figure 6. 
A perhaps more attractive alternative is, however, that the 
signal sequence would first partition into the phospholipid 
bilayer and would then enter the translocation site laterally 
(scheme [a]). A discrimination between synthetic wild-type 
and mutant signal peptides in their interaction with lipids 
has indeed been observed (Briggs et al., 1985). Also, it 
has recently been shown that the hydrophobic ore of the 
signal sequence of pPL, after its productive insertion into 
the translocation site, contacts both the Sec61p complex 
and phospholipids (Martoglio et al., 1995). 
The TRAM protein is not required for the recognition of 
the signal sequence of pPL, the overall transport of which 
does not depend on this translocation component. TRAM 
does not even contact the signal sequence during the ini- 
tial phase of membrane interaction of the nascent chain 
but only comes close to the N-terminus during the subse- 
quent step of productive insertion into the translocation 
site. The function of the TRAM protein in the case of pro- 
teins that depend on it for their translocation remains to 
be elucidated. 
Presumably, the decisive translocation phase in the 
membrane characterized in the present paper is identical 
with the gating step discovered recently by Crowley et al. 
(1994). Opening of the channel toward the lumen of the 
ER occurred in these experiments at approximately the 
same length of pPL chains at which we found the transition 
from the loosely membrane-bound state to the salt- and 
protease-resistant mode of interaction. Since our data indi- 
cate that this step requires a functional signal sequence, 
it may be the signal sequence that triggers the opening 
of the channel, concomitantly with the productive insertion 
of the nascent polypeptide chain into it. This would be 
consistent with the reported gating of channels in E. coli 
membranes by synthetic signal peptides (Simon and BIo- 
bel, 1992). The nascent chain may be inserted in a loop 
structure, an assumption that would also explain best our 
observation that the mere emergence of the hydrophobic 
core of the signal sequence, though sufficient for interac- 
tion with the SRP, is not sufficient for the insertion of a 
nascent chain into the translocation site. The fact that an 
additional - 15 amino acids must have emerged from the 
ribosome suggests that the nascent chain needs a hairpin 
structure for the signal sequence to reach its binding part- 
ner(s) in the membrane. 
Taken together, the early phases in cotranslational pro- 
tein translocation through the ER membrane comprise two 
checkpoints for signal sequences. There is a first recogni- 
tion event by the SRP that, if successful, results in the 
movement of the nascent chain on to a second stage at 
which an independent assessment by membrane compo- 
nents is made. Only having passed both steps success- 
fully is the substrate committed to transport across the ER 
membrane, although it is possible that a functional signal 
sequence is also required at a later point. Neither of the 
two signal recognition steps alone is totally discriminatory, 
particularly if given enough time. This is indicated by the 
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observat ion  that  s ignal  sequence  mutants  can pass the 
SRP checkpo in t  (this paper)  and by the fact  that after  by- 
pass ing  this point,  prote ins that even lack s ignal  se- 
quences  a l together  can be t rans located,  a lbeit  ineff ic ient ly 
(Wiedmann et al., 1994). A l though hydrophob ic i ty  of the 
s ignal  sequence  is p robab ly  the decis ive feature  that is 
recogn ized  by both the SRP54 and the membrane  compo-  
nents,  it is poss ib le  that the two checkpo in ts  do not have 
exact ly  the same specif ic ity.  In any case,  the ex is tence of  
two recogni t ion steps could poss ib ly  prov ide the requi red 
speci f ic i ty in the target ing of  prote ins to the ER membrane  
in spite of  s igna ls  that do not  share  sequence  homology.  
It may  be surmised  that in post t rans lat ional  t rans locat ion 
pathways,  in which  the s ignal  sequence  is not recognized 
by the SRP, the recogni t ion step in the membrane  is identi- 
cal with the one in cotrans lat iona l  t rans locat ion.  The  s ignal  
sequence- t r iggered  open ing  of  the t rans locat ion channel  
may be the point  of  convergence  of  both t rans locat ion 
pathways.  
Experimental Procedures 
Protein Purification and Reconstitution 
The purification of the SRP receptor, the Sec61p complex, and the 
TRAM protein, as well as the reconstitution of proteoliposomes, was 
done as described (GSrlich and Rapoport, 1993). Cross-contamination 
of the components was lower than 0.5% as determined by quantitative 
immunoblotting. The concentrations of the components in the suspen- 
sions of proteoliposomes ranged for different protein preparations as 
follows: 0.8-3.0 eq/l~l of SRP receptor, 3-8 eq/p_l of Sec61p complex, 
1-4 eq/pJ of TRAM protein, and 20-30 p.g/~l of phospholipid. PK-RMs 
were used at a concentration of 2 eq/p_l (corresponding to about 5 ~g/ 
p.I of phospholipid). Translocation efficiencies obtained with proteolipo- 
somes containing all components were 30%-60% for bovine pPL and 
15%-250/0 for prepro-~x factor. The corresponding values for PK-RMs 
were 70%-80% and 30%-40%, respectively. 
Plasmids and In Vitro Transcription 
A HindllI-EcoRI fragment of pGEMBP1 coding for bovine pPL was 
inserted into palter (Promega). The resulting plasmid (pAIter-pPL) was 
used for standard in vitro mutagenesis. 
Fragments of the pPL gene were amplified by polymerase chain 
reaction (PCR) using pAIter-pPL as template, a 5' primer correspond- 
ing to the SP6 promoter, and 3' primers that were previously used for 
in vitro mutagenesis of the pPL gene (Mothes et al., 1994). The PCR 
products were transcribed with SP6 RNA polymerase, mRNA coding 
for the pPL86 and the related truncations of the signal sequence mu- 
tants were obtained from the corresponding plasmids cleaved with 
Pvull. Full-length transcripts of the pPL gene were synthesized after 
cleaving the plasmids with Pstl. 
In Vitro Synthesis, Cross-Linking, and Assays 
for Membrane Interaction 
mRNAs coding for full-length pPL or for the signal sequence mutants 
of pPL were translated for 20 min at 26°C in the wheat germ system 
in the presence of 40 nM SRP and, where indicated, 0.2 eq/Id of PK- 
RMs. Half of the samples were treated with 0.5 mg/ml proteinase K 
for 40 rain on ice. 
Truncated mRNAs were translated in a wheat germ system in the 
presence of [3~S]methionine or ~S in vitro cell-labeling mix (Met/Cys). 
Where indicated, 40 nM SRP and 1.5 pmoI of trifluoromethyl-diazirino- 
benzoic acid (TDBA)-Iysyl-tRNA were present during translation. After 
incubation of the samples for 1-8 rain at 26°C, initiation was inhibited 
by addition of 4 I~M edeine, followed by incubation at 26°C for 2 rain. 
To isolate ribosome-bound nascent chains, samples were layered 
on top of a 100 pJ cushion of 0.5 M sucrose, 50 mM HEPES-KOH 
(pH 7.6), 500 mM potassium acetate, 5 mM magnesium acetate in a 
200 Id Beckman polycarbonate tube. The samples were subjected to 
centrifugation for 45 min at 75,000 rpm in a TL100 rotor. The pellet 
was resuspended in 50 mM HEPES-KOH (pH 7.6), 250 mM sucrose, 
150 mM potassium acetate, 3 mM magnesium acetate to achieve a 
concentration of ribosomes of 15 nM. Where indicated, 40 nM SRP 
and 1 mM GMP-PNP were added. 
Cross-linking, immunoprecipitation fthe cross-linked products with 
antibodies against Sec61~ and TRAM (G6rlich et al., 1992b), and de- 
termination of high salt- and protease-resistant binding of ribosome- 
nascent chain complexes (Jungnickel and Rapoport, 1993) were car- 
ried out as described. For these experiments, 4 p_l of translation mixture 
or purified ribosome-nascent chain complexes was incubated with 1 
ILl of PK-RMs or reconstituted proteoliposomes. Nascent chains were 
released from the membrane-bound ribosomes by addition of 1 mM 
puromycin and incubation for 5 min on ice followed by 15 rain at 26°C. 
Miscellaneous 
Proteins were separated on 10° -20% polyacrylamide sodium dode- 
cyl sulfate (SDS) gels or on 12% Tris-Tricine gels. The dried and fixed 
gels were exposed to a Fuji Phosphorimager for quantitation. They 
were then exposed to an X-ray film or rehydrated and subjected to 
fluorography. 
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